Bovine immunodeficiency virus (BIV) and Jembrana disease virus (JDV) are bovine lentiviruses. The BIV originally was isolated from cattle with lymphocytosis, lymphadenopathy, neuropathy, and progressive emaciation (11, 26) . However, overt clinical disease in seropositive cattle is rare, and the infection is difficult to reproduce experimentally (5, 9, 25, 27, 29) . Antibodies to BIV have been detected in beef and dairy cattle in the United States, some European countries, Australia, and New Zealand (1, 15, 16, 24, 28, 30) . The JDV is a relatively new member of the Lentivirus family (6, 17) . It causes Jembrana disease, an acute and sometimes fatal disease of domesticated banteng or Bali cattle that is endemic in parts of Indonesia (13) . It also causes a milder disease syndrome in Bos taurus cattle (23) .
Both BIV and JDV resemble human immunodeficiency virus in their structural, genomic, antigenic, and biological properties (6) . Among the three major structural proteins-gag, pol, and env-gag protein developed the earliest and strongest antibodies in infected animals (27) . The gag precursor of BIV has been shown to have a molecular mass of 53 kDa and can be processed into three smaller proteins, p17 (matrix), p26 (capsid), and p15 (nucleocapsid) (19, 20) . Because the capsid protein is a major structural and immunodominant protein, the recombinant capsid protein can be used as an antigen source to detect animals infected by BIV.
BIV is closely related to JDV based upon nucleotide sequence homology (6, 10) . The gag gene similarity was approximately 62% at the amino acid level, and the capsid protein had a high amino acid identity to that of JDV at 75% (7) . Conservation of antigenic epitopes of this protein is broad within the lentiviruses, and cross-reactivity of sera from BIVinfected cattle against JVD recombinant capsid protein has been reported (7) .
Monoclonal antibodies have been used successfully for detection of many viruses, including lentiviruses (8) . Because each monoclonal antibody is made against a single epitope (14, 18, 22) a monoclonal antibody produced against a unique epitope possibly could be used to distinguish between two closely related lentiviruses. This study describes the production of such a monoclonal antibody against BIV recombinant capsid protein and mapping within the BIV capsid protein of the unique BIV antigenic epitope that is absent in JDV.
MATERIALS AND METHODS
Cell. The myeloma cells P3X63Ag8.653 were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum, L-glutamine, nonessential amino acids, sodium pyruvate, vitamins (Gibco BRL, Grand Island, N.Y.), and antibiotics (penicillin [100 U/ml] and streptomycin [0.1 mg/ml]).
Expression and purification of recombinant BIV and JDV gag proteins. Two different BIV constructs expressing capsid proteins were used in this experiment: pATH and pQE32. The pATH capsid construct was used for the production of monoclonal antibody. The clone containing a 0.8-kb capsid gene from the R29 strain of BIV was provided kindly by B. Atkinson from the University of Nebraska, Lincoln (2). The capsid protein was expressed as a 67-kDa fusion protein to the TrpE protein. Another capsid expression vector, pQE32, was constructed recently in our laboratory (31) and contains the same 0.8-kb capsid insert as the pATH vector. This construct expressed a 29-kDa capsid protein with a small fusion of 13 amino acid residues at the N terminus. The JDV capsid construct, JCA, containing a 0.8-kb capsid insert (the same region as the BIV capsid), which expressed a 58-kDa fusion protein to glutathione-S-transferase, was provided kindly by E. J. Burkala from Murdoch University, Murdoch, Australia (4). Purification was achieved using affinity chromatography via immobilized reduced glutathione (4) .
The procedure of Atkinson et al. (2) was used to express the capsid fusion protein from the pATH construct in Escherichia coli. Briefly, E. coli strain RR1 with a pATH expression vector containing BIV capsid gene was grown in a PATH medium with tryptophan for 10 h. The culture then was inoculated into a fresh PATH medium without tryptophan. After 1 h of growth with shaking, ␤-indoleacrylic acid was added, and the culture was grown for another 3 h with vigorous shaking to induce expression of the recombinant protein. Bacterial cells were pelleted and suspended in a solution containing lysozyme (2 mg/ml) and 10% Nonidet P-40. After incubation at room temperature for 20 min, the cell suspension was sonicated, pelleted, and resuspended in 10 mM Tris-HCl for storage at 4°C. Recombinant gag proteins were purified by electrophoresis and electroelution as described by Atkinson et al. (2) . The expressed proteins were separated on a preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. A clear, thick, white protein band with a molecular mass of 67 kDa, visualized by soaking in 1 M potassium acetate, was excised and electroeluted using a Bio-Rad (Richmond, Calif.) Electro Eluter. The concentration of the eluted protein was determined by a dye-binding protein assay (Bio-Rad). Expression and purification of the capsid protein from pQE32 were carried out as follows. The construct was maintained in E. coli M15, and expression of the gag protein was induced with 2 mM isopropylthio-␤-D-galactoside (IPTG) for 4 h. E. coli strain M15 was transformed with a pQE32 expression vector containing the BIV gag gene or with plasmid pQE32 alone as negative control. Cells were grown overnight at 37°C in 1.5 ml of Luria-Bertani broth containing both ampicillin and kanamycin. The cultures were transferred to fresh Luria-Bertani broth (1:4 dilution) and incubated for 30 min at 37°C; then, IPTG was added to a final concentration of 2 mM for protein induction. After 4 h of induction, cells were harvested by centrifugation at 4,000 ϫ g for 15 min and lysed by sonication in lysis buffer B (8 M urea, 0.1 M NaH 2 PO 4 , 0.01 M Tris-HCl [pH 8.0]). The recombinant capsid proteins (29 kDa) were analyzed on an SDS-12.5% PAGE and purified on Ni-nitrilotriacetic acid columns (Pierce, Rockford, Ill.). The concentration of the purified protein was determined by a dye-binding protein assay (Pierce). The gag protein then was divided into aliquots and stored at Ϫ20°C until used.
Production of monoclonal antibodies. Seven-week-old BALB/c mice were immunized intraperitoneally with 35 g of purified recombinant capsid protein per mouse with RIBI adjuvant (RIBI Immunochem Research Inc., Hamiton, Mont.). A booster was given 2 weeks later. One week after the booster, mice were bled and tested for BIV capsid protein-specific antibody by a Western blot assay, and then antibody-positive mice received another booster. The mice were sacrified 3 days after the last injection, and their spleens were removed aseptically and minced to make single-cell suspensions. Spleen cells were fused with myeloma cells at a ratio of 2:1 using 50% polyethylene glycol 1450 (American Type Culture Collection [ATCC], Manassas, Va.). Cells were resuspended in myeloma cell culture medium supplemented with 10% fetal calf serum, 100 mol of hypoxanthine per liter, 0.4 mol of aminopterin per liter, and 16 mol of thymidine per liter. Seven days after incubation, one half of this medium was removed and replaced with medium containing only hypoxanthine and thymidine. Supernatants from growing hybridoma cells were tested for reactivity to purified recombinant BIV gag protein by Western blotting. Positive hybridomas were recloned twice by limited dilution in medium, selected hybridoma cells were injected intraperitoneally into mice, and ascitic fluids were collected 10 days after injections.
Biotin-labeled monoclonal antibody. Biotin-labeled monoclonal antibodies were prepared by the method of Borrow and Oldstone (3). Briefly, monoclonal antibodies from ascitic fluid were purified on a protein A affinity column (Pierce). Then, 10 mg of monoclonal antibody was mixed with 2 mg of Nhydroxysuccinimidobiotin (Sigma Chemical Co., St. Louis, Mo.) in 0.01 M carbonate buffer (pH 9.6) and incubated overnight at 4°C. The mixture was dialyzed against 0.02 M phosphate-buffered saline (PBS). The biotin-conjugated antibody was separated from hydroxysuccinimidobiotin and from antibody that had not formed antibody-biotin complexes by passing the mixture through a Sephadex G-200 column.
Competitive binding assay. The competitive binding assay was performed by enzyme-linked immunosorbent assay (ELISA). The purified recombinant capsid protein was used as an antigen. Serial dilutions of each competing antibody from ascitic fluid were added to the capsid-adsorbed wells in microplates. The ascitic fluid against bovine viral diarrhea virus was used as the control. After standing for 2 h at 37°C, the plates were washed four times with PBS-Tween 20, and biotinylated labeled monoclonal antibody, which had an optical density at 405 nm [OD 405 ] of 1.0, was added. Plates again were washed four times with PBS-Tween buffer, a 1:5,000 dilution of avidin-peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) (Kirkegaard & Perry Laboratory, Gaithersburg, Md.) was added, and the plates were incubated at 37°C for 30 min. The plates then were washed, and ABTS [2,2Ј-azinobis (3-ethylbenzthiazolinesulfonic acid)] substrate (Kirkegaard & Perry Laboratory) was added to each well. The plates were incubated at 37°C for 30 min, and the absorbance was measured at 405 nm. The percentage of competitive inhibition was calculated as described by KimuraKuroda and Yasui (18) using the formula 100 ϫ [(A Ϫ B)/(A Ϫ C)], where A is the OD in the absence of competitor monoclonal antibody, B is the OD in the presence of competitor monoclonal antibody, and C is the OD in the presence of homologous antibody.
Isotype characterization of monoclonal antibodies. The immunoglobulin class and subclass were determined by ELISA using a Mouse Sub-isotyping kit (BioRad). Monoclonal antibody at a constant concentration was adsorbed to the BIV capsid protein-coated wells of microtiter plates. Each class-specific antiserum was used to compete with the binding of peroxidase-conjugated antimouse gamma globulin. Isotypes of the monoclonal antibodies were determined by the reduction in OD 405 compared with the value for an unblocked control.
Statistical analysis. The competitive monoclonal antibody inhibition rates (Table 1) were analyzed using the Statistical Analysis System (PC-SAS; SAS Institute Inc., Cary, N.C.). Analysis of variance with means variance using leastsignificant difference determines which difference among the inhibition rates was considered to be real.
Western blotting. The purified capsid protein was loaded onto an SDS-12% PAGE gel (Bio-Rad) and electrophoresed in a Tris-glycine buffer (0.025 M Tris base, 0.192 M glycine, 0.1% SDS) or SDS-16% PAGE gel in a Tricine buffer at 30 mA/gel for 1 h. The 16% gel was used to separate smaller proteins after chemical cleavage. The protein then was transferred onto a nitrocellulose membrane (0.45-m pore size) with a Transblot apparatus (Bio-Rad) at 259 mA for 1 h. The membrane was blocked with 2% bovine albumin, 0.02 M Tris base, 0.385 M NaCl, and 0.1% Tween 20 (pH 7.5) (TTBS) at room temperature for 2 h and rinsed three times with TTBS. The first antibody was diluted with TTBS (monoclonal antibody diluted 1:1,000 and bovine serum diluted 1:50) and incubated overnight at 4°C. After being washed three times with TTBS, the membranes Chemical cleavage of capsid protein by acid and cyanogen bromide. The purified capsid protein (29 kDa) from pQE32 construct was cleaved chemically with mild acid and cyanogen bromide (CNBr) to define the region of the unique epitope for BIV (14) . Five micrograms of the purified capsid protein was dissolved in 50 l of 75% formic acid and incubated overnight at 37°C. The acid was evaporated under a nitrogen stream, and the peptides were resuspended and dried three times, with water being used to remove residual acid. Another 5 g of the protein was resuspended in 50 l of 70% formic acid containing CNBr (10 mg/ml), and the sample was incubated overnight at room temperature. The CNBr was evaporated under a stream of nitrogen, and the protein was washed with water as described above. The cleaved samples were resuspended in 1X SDS-PAGE sample buffer and separated on a 16% discontinuous Tricine gel (21) . The gel was stained with 0.1% Coomassie brilliant blue in 11.9% ethanol and 5% glacial acetic acid and transferred to membrane for Western blotting.
RESULTS
Formation of antibody-producing hybridoma. At 10 to 14 days after fusion, culture fluids from 41 of 216 wells of microplates showed positive activity by ELISA (19%). After recloning and freezing, six stable hybridomas were selected and intraperitonelly injected into BALB/c mice to produce monoclonal antibodies in ascitic fluid. ELISA showed that the average antibody titer in ascitic fluid was 1:10 5 , whereas that in cell culture supernatants ranged from 1:10 2 to 1:10 3 . All monoclonal antibodies reacted positively with the recombinant capsid protein as well as native capsid protein from BIV in Western blots. All antibodies were determined to be of light chain and IgG1 heavy chain.
Topographical analysis of antigenic determinants on capsid protein. Competitive binding assays were used to analyze the topography of the capsid protein to which the monoclonal antibodies bound. If two epitopes are close each other, the binding of antibody to one of the epitopes will sterically hinder binding of the competitive antibody to the other epitope. Competition of antibody binding was caused by another antibody, which defined the antigenic determinant. To analyze epitopes of capsid protein, a competitive binding assay was performed with six biotin-labeled monoclonal antibodies: clones 1H10, 1B11, 10F10, 7G7, 6B4, and 5G6. The six monoclonal antibodies were tested for competition with the binding of each biotinlabeled antibody. The binding assays were repeated three times, and the average competitive monoclonal antibody inhibition rates are summarized in Table 1 . The monoclonal antibodies were classified into three antigenic groups based on the binding assay. The group 1 clones, 1H10 and 1B11, were nearly completely blocked by each other (82 to 85%). Antibodies from other groups cannot compete as well; only between 2.8 to 12% competition by the other antibodies was detected. The group 2 clones, 10F10 and 7G7, were blocked reciprocally (60%) and were not blocked by other antibodies tested. The group 3 clones, 6B4 and 5G6, also were blocked reciprocally (about 60%) ( Table 1) . A statistical analysis was performed on the inhibition rates in Table 1 using least-significant difference on variance with means separation. The inhibition rates were found to be significantly different at the 0.01 level among the three groups, and no significant difference was observed within each group. None of the monoclonal antibodies reacted with the recombinant capsid protein containing only the 87 C-terminal amino residues of the capsid, indicating that all three antigenic sites were located at the N terminus and not at the C terminus of the capsid protein.
Immunological assay of JDV recombinant proteins with BIV monoclonal antibody. The recombinant BIV capsid (29 kDa) and JDV capsid (58 kDa) proteins were both detected with BIV polyclonal antisera in Western blots (Fig. 1A) . No immunoreactive band was observed in the proteins prepared from the vector alone, indicating that the antisera reacted specifically to the recombinant proteins. The BIV monoclonal antibody, 1H10, detected only the recombinant BIV capsid protein and not the JDV recombinant capsid protein (Fig. 1B, lane 2) even though the two expressed proteins were from the same region. Another antibody in the same group, 1B11, reacted with the same pattern with 1H10. This result suggests that the monoclonal antibody was raised against an antigenic epitope that is unique to BIV capsid and is absent in the JDV capsid.
Localization of a unique epitope site in BIV capsid protein. To locate the unique epitope for BIV, the purified 29-kDa recombinant capsid protein was subjected to cleavage by mild acid and CNBr treatments, followed by Tricine gel electrophoresis and Western blotting. The peptide bond that links aspartic and proline residues is susceptible to cleavage under mild acidic conditions. The capsid contains a single aspartateproline bond at amino acid 60 (from the capsid N terminus), and cleavage at that site within the capsid protein yielded an amino-terminal 6.4-kDa fragment and a 22.6-kDa carboxylterminal fragment (Fig. 2B) . Only the 6.4-kDa fragment at the N terminus of the protein reacted positively with the monoclonal antibody (Fig. 2A) . The cleavage with CNBr occurred at three methionine residues in the capsid protein resulting in four bands: 6.9, 16.9, 4.0, and 1.2 kb (from the N terminus to C terminus) (Fig. 2B) . However, the CNBr digestion gave two extra partially digested bands: 23.8 and 27.8 kb. Both bands contain a 6.9-kb N-terminal fragment. Figure 2A shown that only the 6.9-kDa fragment at the N terminus and the two partially digested bands which contain the 6.9-kDa fragment reacted positively with the monoclonal antibody. The apparent 1 and 2) . VOL. 8, 2001 MONOCLONAL ANTIBODY ASSAY TO DIFFERENTIATE BIV AND JDV 285 molecular mass values agreed well with those predicted on the basis of the known BIV sequence (12) . The cleavage results confirmed that the unique epitope site is within the 6.4-kDa fragment located at the N terminus of the BIV capsid protein.
Comparison of the amino acid sequences (6, 12) in capsid proteins of BIV and JDV has revealed that the identity at the first 60-amino-acid region is only 25%, compared to 75% in the rest of the capsid region (Fig. 3) .
DISCUSSION
The amino acid sequences of capsid proteins are highly similar among all lentiviruses. Finding an epitope that is unique to only one virus has been difficult. The recombinant capsid protein of JDV has been found to cross-react with BIV polyclonal antisera. This result was expected, because previous Western immunoblot analyses using native JDV proteins showed antigenic cross-reactivity with BIV antisera and vice versa, indicating that the capsid proteins of these two bovine lentiviruses share common antigenic epitopes (17) . The lentivirus capsid proteins contain a conserved epitope, the major homology region, to which the antigenic cross-reactivity of lentiviruses can be attributed.
The present study produced monoclonal antibodies to detect virus-specific capsid protein. Three antigenic epitopes within the capsid protein were identified using these monoclonal antibodies. Negative reactions of C-terminal amino residues of the capsid protein with all the antibodies further indicated that the antigenic sites were located on the N terminus of the protein. Previous studies using capsid deletion mutant and polyclonal antibody identified one major epitope located near the carboxyl terminus of the capsid protein (2) . Thus, the capsid protein appears to have at least four epitopes. Because as few as 18 amino acid can make up one epitope, the 240-amino-acid capsid protein could potentially have more than 10 epitopes.
The monoclonal antibody produced in this study reacts specifically to BIV, but not JDV, and the unique epitope identified was mapped to the N terminus of the capsid protein. This monoclonal antibody provides a useful tool for distinguishing between these two closely related lentiviruses, BIV and JDV. To our knowledge, this is the first report to demonstrate the Comparison of the amino acid sequences (6, 12) in capsid proteins of BIV and JDV has revealed that the identity at the first 60-amino-acid region is only 25%, compared to 75% in the rest of the capsid region (Fig. 3) .
The present study produced monoclonal antibodies to detect virus-specific capsid protein. Three antigenic epitopes within the capsid protein were identified using these monoclonal antibodies. Negative reactions of C-terminal amino residues of the capsid protein with all the antibodies further indicated that the antigenic sites were located on the N terminus of the protein. Previous studies using capsid deletion mutant and polyclonal antibody identified one major epitope located near the carboxyl terminus of the capsid protein (2) . Thus, the capsid protein appears to have at least four epitopes. Because as few as 18 amino acid can make up one epitope, the 240-amino-acid capsid protein could potentially have more than 10 epitopes. 
